The ability to understand speech in multitalker noise was measured in a group of 46 elderly (71.6+/-6.03 years) having at worst moderate presbycusic hearing loss, using the SPIN test with the target and an 8-talker babble presented either monaurally (left or right) or, using generic HRTF spatialization, with the target at 45 degrees right or left flanked by two independent 4-talker babble on each side. The subjects' temporal processing was measured as (1) the reverberation time yielding a 15 percent decrease in word comprehension and (2) as the minimum modulation index necessary to segregate two streams generated by modulating, at an average frequency of 4.375 Hz, two carriers consisting of harmonics 4, 5, and 6 having fundamental frequencies of 107 and 189 Hz, that produced two simultaneous three-pulse envelopes, one accelerating and one decelerating. With effects of hearing loss under control, the data exhibited correlations between intelligibility in babble and temporal processing that were significant for a speech-to-babble ratio of 4 dB but not for one of 8 dB. The results thus suggest that under unfavorable acoustic conditions the elderly achieve speech understanding by focusing on prosodic rhythm on the syllabic level. [Supported by NIA and the VA Medical Research] Published by
INTRODUCTION
One of the most important components of speech perception is the processing of envelope fluctuations by the auditory system. Within this processing, the paramount importance of the syllable becomes apparent, first as the principal mode of the amplitude modulation spectrum at 4-5 Hz even across languages (Arai and Greenberg, 1998) , suggesting the existence of a syllable-length perceptual processing buffer (Silipo, Greenberg, and Arai, 1999) . The first-order role of the syllable is also suggested by results showing that intelligibility of sentences dramatically drops when the amplitude modulation (AM) spectrum is high-pass filtered below 4 Hz (Drullman, Festen, and Plomp, 1994) . The role of syllabic processing is also stressed by the observation that, in low signal-to-noise ratio (SNR) situations, high-SNR islands represented by stressed syllables form anchors that help perceptual recovery of its lower-SNR unstressed neighbors (Divenyi, 2005) . Loss of intelligibility in the presence of interfering speech, especially of multitalker babble (Humes, Dirks, Bell, Ahlstrom, and Kincaid, 1986) , may be at least partially explained by the babble amplitude fluctuations interfering with the target speech's modulation patterns. Modulation interference, in fact, has been demonstrated to affect both detection (Yost and Sheft, 1994) and discrimination (Takeuchi and Braida, 1995) of AM patterns, especially in cases when the target and interference modulators are presented simultaneously (Gockel, Carlyon, and Deeks, 2002) . Accordingly, the likelihood exists that an age-related increase in the sensitivity to modulation interference could underlie the well-known decline of speech intelligibility in babble noise experienced by elderly persons (Dubno, Dirks, and Morgan, 1984) ; (Divenyi and Haupt, 1997) , often referred to as the age-related loss of the cocktail-party effect. Such a relationship, however, has not been clearly demonstrated. The objective of the present study was to test the hypothesis that speech understanding in babble and perception as well as modulation interference between syllabic-range AM patterns are related.
METHODS
To assess modulation interference, experiments were conducted to gauge listeners' ability to correctly identify a simple AM pattern in an auditory stream in the presence of another, simultaneous, stream modulated with a different AM pattern. Carriers of both signals were sinusoidal complexes consisting of harmonics 4, 5, and 6 of a low (107-Hz) and a high (151-or 189-Hz) fundamental frequency, respectively, producing a pitch difference between the carriers of either ½ or 4/5 octave (approximately corresponding to the musical tritone and minor-seventh intervals). The AM patterns consisted of three positive half-cycle bursts; the pattern of one of the carriers was an accelerating amphibrach and that of the other carrier a decelerating dactyl low-frequency trapezoidal wave. The two AM patterns modulating the two simultaneous streams were presented diotically in a two-alternative forced-choice (2AFC) paradigm, in which the subject had to decide whether the higher-pitch carrier had the accelerating or the decelerating pattern shown in Stream 1 or in Stream 2 on Figure 4 . In Experiment 1, the average modulating frequency f mod was held constant at 4.375 Hz, while the modulation index M was varied adaptively, using a three-up one-down criterion, to track the M value at which segregation performance was at threshold (upper panel of Figure 5 ). In Experiment 2, M was held constant at 1.0, while the average f mod was varied adaptively (lower panel of Figure 5 ). The ratio of the inter-onset intervals between the first and second bursts (τ 1 ) and between the first and third bursts (τ 2 ) was kept at 0.4 throughout. The rise and fall times of the individual bursts were held constant at 20 ms, whereas the duration of the individual bursts was always max (0.4/f mod , 45) ms. Both experiments were preceded by an AM pattern discrimination test, first in order to give the subjects the opportunity to learn the rhythmic patterns presented in a single stream, and then, more importantly, to obtain a baseline single stream performance level to which the two-stream modulation interference conditions could be compared.
Speech understanding was assessed using the Illinois version of the SPIN (Speech Perception In Noise) test (Bilger, Nuetzel, Rabinowitz, and Rzeczkowski, 1984) , presented both monaurally and spatially in a virtual free field. Material for the spatial SPIN conditions were generated by filtering both the target speech and four independent sets of four-talker (two male and two female) babble using the 0° elevation subset of KEMAR headrelated transfer functions (HRTFs) found in the MIT database (http://sound.media.mit.edu/resources/KEMAR.html). The target was always located at the 45° azimuth left or right and it was flanked by babble emitted from four sources, two on either side. SPIN performance was measured with the total azimuthal span of the babble interferers encompassing 90°, 180°, and 360°. In each spatial condition, azimuthal locations of the five sources were equally spaced. For example, in the 180°L (left) condition the speech source was at 45°L with the four babble sources located at 135°L, 90°L, 0°, and 45°R. The target speech was presented at 50 dB SL (re: the speech reception threshold) and two speech-to-babble ratios (S/B): 8 and 4 dB. For the spatial SPIN presentation, S/B was estimated as the ratio of the average speech target power and the sum of the averaged power of the four babble sources, at the ear closest to the speech source. Different lists were used for each SPIN condition.
The effect of reverberation on word comprehension was also assessed by monaurally presenting the Modified Rhyme Reverberation Test (MRRT; \Nabelek and Robinson, 1982) at a sensation level of 50 dB. 2. Schematic diagram of the stimulus manipulation in the two experiments. In Experiment 1, the AM frequency was constant and the modulation depth M was varied equally in both streams to track the subject's threshold. In Experiment 2, the AM depth was constant and the AM frequency f mod was varied.
Forty-six elderly subjects between the ages of 62 and 86 (the ELD group) and 11 young control subjects between the ages of 16 and 26 (the YC group) participated and were compensated for their effort. Pure-tone audiograms of the ELD subjects indicated the presence of symmetric mild-to-moderate sensorineural hearing loss (see Figure 3) , although a few subjects had completely normal thresholds (e.g., 5 dB HL at 8 kHz). All YC subjects had normal hearing. Summary pure-tone audiometric data of the subjects are shown in Figure 3 . Subsequently to auditory screening, subjects' speech understanding in babble and in reverberation as well as their ability to recognize AM patterns in isolation or in the presence of an interfering stream were assessed one subject at a time. For each subject and in each condition, speech intelligibility and AM pattern recognition were estimated from the average of four to six runs. Testing of all subjects was conforming to procedures approved by the Institutional Review Board of the V.A. Northern California Health Care System.
Means and standard deviations of results of the monaural and spatial SPIN tests and those of the reverberation tests are summarized in Figure 4 for the ELD and the YC groups. The percent correct scores in all speech understanding tests were transformed into RAU (rationalized arcsine units), in order to attenuate floor and ceiling effects. The SPIN results include average scores for high-probability/low-probability items as well as scores for the low-probability items alone, these latter test items being most sensitive to interference. Intelligibility of words in reverberation was expressed as the reverberation at which word intelligibility observed in the no-reverberation condition drops by 15 RAU. 
RESULTS
The most apparent result is that intelligibility by elderly listeners lags behind that of the young in every condition, although, except for the reverberation data, the differences are not large. Effects of the spatial extent of the four babble sources were analyzed in terms of RAU change per spatial span increase in degrees, to see whether spatial advantage can be observed. Although some subjects showed such advantage, the results are difficult to interpret because lack of spatial effects were observed both for subjects exhibiting wither extremely high or extremely low average intelligibility. For this reason, these results are not reported here.
Results of the one-and two-stream AM pattern discrimination experiments are reported in Figure 5 . The upper panel shows mean AM depth thresholds for the two groups, whereas the lower panel shows AM modulation thresholds. Again, the elderly group exhibits consistently lower performance than the young, especially for the modulation depth M at which the patterns are discriminable. The results shown in Figure 5 tell us that the presence of a signal with a modulated carrier can disrupt perception of an AM pattern mimicking the fluctuation of speech envelope in the syllabic-(3 to 6 Hz) range (bottom of Figure 5 ) and that a similar disruption can also affect AM perception in the sub-syllabic (10-20 Hz) range (top of Figure 5 ).
Because intelligibility in the SPIN and reverberation tests by the young group was normal when compared to other similar data collected at the author's laboratory (Divenyi & Haupt, 1997; (Divenyi, 2005) ; (Divenyi, Stark, and Haupt, 2005) , testing the hypothesis that intelligibility of speech with interference and the ability to discriminate AM patterns are related was performed only on the elderly subjects' results. A simple, Pearson's correlation analysis of hearing thresholds, AM-bound temporal processing, and intelligibility of speech in interference revealed high absolute (~0.7) correlation values only between hearing thresholds and speech intelligibility, as shown in Figure 6 . For the above reason, further correlation analyses, parametric and nonparametric, were performed by comparing the hearing loss-controlled residuals of the speech data with the AM discrimination data. The parametric analysis consisted of canonical correlation, in which the residual was calculated from a linear regression analysis of speech intelligibility as a function of hearing thresholds. The null hypothesis of no relationship between intelligibility and syllabic-range AM sensitivity was rejected if the probability of the F ratio was lower than the pre-selected alpha of 0.05 for at least the first of the canonical variates calculated by the canonical correlation. The nonparametric analysis involved several steps. (1) Both intelligibility and AM discrimination data were classified through a regression tree process, with hearing threshold effects subtracted from intelligibility effects. (2) The resulting speech and AM data FIGURE 6. Average "raw" Pearson's correlation coefficients between hearing thresholds and speech intelligibility in reverberation and interference at 4 and 8 dB S/B (HL-SP4dB, HL-SP8dB), hearing thresholds and syllabic-range AM discrimination (HL-TIME), and 4 and 8 dB S/B speech intelligibility and AM discrimination (SP4dB-TIME, SP8dB-TIME), for the elderly subjects.
were distributed into a small number of bins with the restriction that no bin could have less than three members. (3) The correlation between speech and AM sub-vectors averaged across all bins was computed. (4) An iterative Monte-Carlo process randomly shuffled the speech vectors in each bin and computed a permuted average speech-AM correlation. (5) The proportion of shuffled correlations exceeding the unshuffled correlation was tallied across a large number of iterations (10,000). The null hypothesis was rejected if this proportion did not exceed the preselected significance level of 0.05. As Figure 7 illustrates, both the parametric and the nonparametric analyses show for the null hypothesis to that speech understanding under difficult, 4 dB S/B, condition and AM discrimination are unrelated to have a probability of less than 0.05, i.e., that it can be rejected. On the other hand, the hypothesis that AM discrimination and speech understanding in a less difficult, 8 dB S/B situation are unrelated cannot be rejected. FIGURE 7. Probability that the null hypothesis stating that sensitivity to syllabic-range AM patterns and speech understanding in reverberation plus speech understanding in 4 dB S/B (TIME-SP4dB) or 8 dB S/B (TIME-SP8dB) are unrelated.
DISCUSSION
In the syllabic range, speech signals are seldom modulated completely, i.e., with modulation indexes M=1.0 indicating silent periods between envelope peaks. In fact, with voicing present over more than the half of fluent speech, blank periods are very rare. When an unwanted speech, whether emitted by a single non-target talker or by a crowd, will mix other modulated speech signal or signals with the speech of interest, the listener will have to perceptually segregate the target from the interference, both of which are likely to have modulation indexes below, or well below, 1.0. As the present results and other findings (e.g., \Takahashi and Bacon, 1992) show, such perceptual segregation may be easy for young normal-hearing listeners but it is quite challenging for the elderly, even when the carriers of the signals are below the frequency range of their presbycusic loss. Therefore, such handicaps could be considered one of many age-related temporal processing deficits, such as the difficulty understanding rapid speech (Gordon-Salant, Fitzgibbons, and Friedman, 2007) or use of prosodic information (Wingfield, Lindfield, and Goodglass, 2000) . However, studying a process in a group of persons handicapped using it affords the possibility of discovering ties to other processes and activities, whereas such ties remain hidden in a group of normal people who perform those processes without apparent handicap. Thus, the present finding that perceptually segregating AM fluctuations from another, interfering AM fluctuation is related to, or maybe even underlying, speech understanding in loud babble or reverberation was able to come to the surface only by testing an elderly group of listeners who had difficulty doing both. The result is also consistent with theories stressing the importance of syllabic analysis in the perception of fluent speech (see \Greenberg, Carvey, Hitchcock, and Chang, 2003) and with recent results connecting the theta brain rhythm to the perception of syllables (Ghitza, 2012) .
